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UNCLASSIFIED

Foreword

Each year since 1946 the U.S. Government offices
concerned with solid rocket propulsion have held classified
Solid Propellant Group meetings, These meetings promote
the free and direct exchange of scientific and technical
information among working level scientists and engineers.,
Attendance is by invitation of the sponsors to organizations
actively engaged in solid propellant and rocket motor re-
search and development.

The sponsors of the meeting are: Department of the
Army, Office, Chief of Ordnance; Department of the
Navy, Bureau of Naval Weapons; Department of the Air
Force, 6593d Test Group, Space Systems Division; the
Advanced Research Projects Agency; and the National
Aeronautics and Space Administration. Host for this
year's meeting is the Bureau of Naval Weapons. The
Solid Propellant Information Agency assists in planning
and conducting the meeting and publishes the proceedings.

This volume is one of several preprinted before the
meeting so that participants canstudy the technical presen-
tations in advance, establishing a firm ground for discus-
sion, Together with an Addendum (to be published after
the meeting), they constitute the record of the eighteenth
meeting,
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RADAR ATTENUATION IN SOLID PROPELLANT ROCKET EXHAUSTS*

H. F. Calcote and H, Silla
AeroChem Research Laboratories, Inc,.
a subsidiary of Pfaudler Permutit Inc.
Princeton, New Jersey

SUMMARY

The absorption, reflection, and refraction of electromagnetic waves in
rocket exhausts is due to the presence of free electrons. These may be pro-
duced by themmal or chemi-ionization in the rocket chamber or when afterburn-
ing occurs in the exhaust. No single explanation suffices for all situations
and the problem is complicated by the interrelationship of a multitude of
factors., Nevertheless, by the application of electromagnetic theory, thermo-
dynamics, chemical kinetics and fluid dynamics, quantitative predictions are
possible., These are mostly limited by our lack of detailed knowledge of re-
action kinetics and insufficient information on propellants, e.9.y the con-
centration of alkali metal impurities, After summarizing rocket motor exper-
ience, our present state of knowledge is outlined in a coherent framework
which should be a guide for future efforts.

INTRODUCTION

The problem of radar communication with rocket systems, particularly
solid propellant rockets, is becoming of increasing concern., Attenuation,
reflection, refraction, and even the phase-shift of the electromagnetic wave
as it passes through the rocket exhaust, is caused by the free electrons in
the gas. This is precisely the same phenomena which one experiences with
radio waves in the ionosphere and the attenuation encountered when vehicles
re-enter the atmosphere. The general principles of the electromagnetic
theory are known, but a detailed application of the phenomena to rocket ex-
hausts is incomplete, principally because of the lack of elementary reaction- .
rate data, This is not to say that unexplainable and unanticipated phenomena
have not been and will not be observed, but it seems safe to say that the main
causes and explanations are, at least in principal, available,

In spite of this, popular opinion would lead one to conclude that the
whole phenomena of radar attenuation and electron formation in flames is
shrouded in mystery. In this paper we will summarize some of the specific
experiences with rockets in terms of actual practice. Next, we will outline
the electromagnetic theory and discuss the various sources of electrons in
the rocket exhaust, with some detail as to the mechanisms of electron produc-
tion and removal.

It will be the intent of this paper to assume that we understand the
phenomena and to construct a framework upon which to view it in the future,
Much effort and work will be involved in completing the skeleton presented
here, This will have to be done by careful analysis of rocket experience and v
correlation of this information with data from the laboratory. It should é

*Supported by the Navy Dept., Bureau of Weapons, Contract NOw-62-0540-c with
technical direction by Charles Blank, whose suggestions in preparing this
manuscript are gratefully acknowledged., Assistance of R, Revolinski, A.
Schell, and F. Kuehner is also acknowledged.
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pecome clear, as the picture unfolds, as to what specific data should be
obtained. The picture presented herein will not be so complete as we would
like, because of the limitation in time for preparing this summary and the
difficulty in collecting and correlating all of the information. Additional
references have been included in each section which are not mentioned in the
text. These references are included to give the interested reader a more
complete background on the problem,

ROCKET EXPERIENCE

An attempt has been made to summarize the most recent information on
attenuation of electromagnetic signals in rocket exhausts. However, because
of the short time that was available to compile this report, it is possible
that some valuable rocket experience has been omitted. In addition, some
information contained in secret reports has been omitted, and no attempt has
been made to include the experience obtained with liquid propellant motors.
Much of the infommation contained in this summary is fragmentary because the
original reports were fragmentary. For example, data on signal frequency,
chamber temperature, chamber pressure, propellant composition, etc. was often
missing,

Polaris

To date, (Dec. 19, 1961) negligible attenuation with the Polaris A-1
and A-2 (two stage surface-to-surface rocket) first stages has been observed
in flight.! However, the antennas are located sufficiently forward on the
missile so that RF is not propagated through the first stage exhaust stream.

Signals on all communication links were lost during a portion of
powered flight on the first A2X flights.2?3 The problem was avoided by re-
locating the ground antennas to avoid the exhaust plume. Fig. 1 shows the
importance of antenna location. However, this is not a practical operational
solution to the problem since antennas are fixed to the submarine or ship,
Fig. 2 shows a plot of the received signal strength against flight time,

Balwanz® measured the ionization of the AlX and A2X Polaris propellants
in the laboratory and found greater ionization from the A2X propellant, al-
though both propellants contained 30 ppm of sodium. No mention was made of
potassium in the report although, as we shall see, potassium is the major
impurity in ammonium perchlorate. He suggested that the differences could
be attributed to differences in the combustion temperature:

Propellant Designation ANP=-2655AF DDP=70
Rocket Model AlX A2X
Ammonium Perchlorate 69.75 20%
Aluminum 7.75 21
Polyurethane 22,42 -
Copper Chromite .08 -
Nitrocellulose-Nitroglycerin - 48
Combustion Temperature, °K 2745 3765

Some preliminary data on attenuation of 24.15 KMC (K-band) and 9.33
KMC (X-band) was made by Barnes* of Stanford Research Institute on static
firings of the Polaris first and second stage engines. He estimated an

Pege b onmm———




FIG.

-80

1

EFFECT OF ALTITUDE AND DISTANCE ON RADAR BEAM
TRAMSMISSION THROUGH THE EXHAUST PLUME

RECEIVED SIGNAL STRENGTH, db

ACTUAL ~
-120}- SIGNAL N n
N
\
\
\
N\
\ BURN-
STAGING ENTERING ouT
ruonospneae
1
TIME, SECONDS
FIG. 2 RECEIVED SIGNAL STRENGTH FROM AN EARLY

A2X POLARIS FLIGHT

Poehler Ref. 2

Page 5




AL

electron density of 3 x 10'C for the Polaris first stage engine. Only one
measurement was made for the second-stage motor at the K-band. Some diffi-
culties were encountered with the second stage firing, so that only an esti-
mated average of 3.1 db attenuation could be measured.

Minuteman

Barnes# has also made measurements on several static test firings of
the Minuteman (a three stage surface-to-surface missile) second and third
stage motors, using 24.15 KMC (K-band) and 9.33 KMC (X-band). He measured
an electron density of 7 to 15 x 10'° electrons/cc in the third stage motor
and 3 x 10'0 electrons/cc in the second stage motor, which is comparable to
the Polaris first stage. All the propellants contained from 17-19% aluminum.
Barnes concluded that the level of ionization can be fairly well accounted
for by sodium and potassium contaminants.

The University of Utah’ has been continuing at Hercules, Utah, the
measurements initiated by Stanford, using Stanford equipment. 1In static
measurements, on a modified very hot double base propellant (CYH) containing
about 20% aluminum, they found about 55 db attenuation for X-band and about
40 db attenuation for K-band, This corresponds to an electron concentration
of about 10'! electrons/cc.

An estimate of 1.8 x 10'° electrons/cc in the Minuteman exhaust® was :
obtained for the CYH propellant at the exit plane of an 18,9 expansion ratio
nozzle, The estimate was made considering the ionization of potassium, sod-
ium, aluminum, and the attachment of electrons to chlorine. The electron
concentration is small compared to the degree of ionization because of elec-
tron attachment to Cl and OH. The concentrations of potassium and sodium in
the propellant used for the analysis was 800 ppm and 150 ppm, respectively.
The results of the first Minuteman flight (401) indicated much less signal
attenuvation than anticipated from the above analysis.

Brown? is convinced that attenuation is due to aluminum oxide particles.
They have caught some aluminum oxide particles and found them highly contam-
inated with Ca and K, The calcium may come from a Buna-N rubber liner which
has 1760 ppm Ca, 1600 ppm Na and 700 ppm K.

Terrier

The operational version of the Terrier 3B Sustainer uses a complex
double-base non-aluminized propellant. The sustainer operates from 3-30
seconds after launch, and attenuation due to afterburning is experienced at
20,000 to 30,000 ft. This is not duplicated on the ground.? As a means of
reducing afterburning as much as 5% potassium sulphate, a well known gun-
flash inhibitor, has been added to the sustainer propellant. This has been
a partial cure, but, of course, it also reduces performance, Very short
flame bursts, about 1/100th of a second, are observed with a 1 to 1 corres-
pondence between flame bursts and radar attenuation during the last 10 sec- -
onds of flight, i.e,, 20-30 seconds after launch. Thus, for this missile
there 1s_a very definite correlation between attenuation and flame bursts.
It is rare to find flame bursts above 30,000 ft., and they seem more preve-
lant at lower altitudes,
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Both Terrier and the Talos Ramjet are radar-quided beam-riders and
operate from O to about 100,000 ft, altitude, There has never been any
difficulty with the Talos Ramjet or any other hydrocarbon ramjet where the
exhaust is oxygen rich because of excess air, so no afterburning is exper-
ienced.? The exhaust temperatures are also very low., A large number of
attempts, mechanical for example, using resonant rods, variation in propellant
shape, etc., have been made to alter the afterburning problem.2 All have
falled. An explanation of the afterburning ignition has been proposed, based
on the missile picking up an electrostatic charge and then a spark igniting
the exhaust, Static firings on the ground in fact demonstrated that the
missile picks up a charge of several thousand volts. W. Berl® reports that
this explanation is no longer considered adequate.

Berl has proposed a theory based on the observation that in Mesa burn-
ing propellants a loose film of non-attached carbon forms on the surface
during stable burning, but during unstable burning the surface is clean.
Berl proposes that the surface is shaken through the missile structure from
aerodynamic noise. This throws carbonized material into the exhaust which
has been associated with an increase in attenuation.

A new propellant for the Terrier 3BA is under development at Atlantic
Research.® This is a composite end-burning propellant with silver alloy
wires to increase propellant loading. The chamber pressure will be 800 to
1,000 psi, No attenuation has been observed while the propellant is burning,
that is, for about 38 seconds. However, for 15-20 seconds after the cessa-
tion of thrust production, the rubber-like insulation material around the
propellant continues to smoulder and produce a tail flame with severe attenu-
ation. Quantities of soot were expelled during smouldering,

Potassium bromide, potassium bitartrate, and molybdenum trioxide were
tried by ABL? as afterburning surpressors in the Terrier, but none were found
to be more effective than potassium sulfate., Some additional additive work
has been done in connection with the Terrier program at Convair.'®*'' They
have successfully eliminated a major portion of the afterburning flame on
full scale test rocket motors. Their additives were injected from a series
of nozzles externally mounted around the tail pipe. They emphasized that
the quencher must be tailored to the system. In some cases it was found
that adding as much as 10% K,;SO, to the propellant was ineffective in elim-
inating afterburning, whereas in other systems just a few percent was effec-
tive. For the Tartar missile iodine was selected as the most effective
quencher and diiodmethane, CHaI,, as the best carrier.

Sggrrow

This is an eight inch diameter air-to-air missile which uses a propel-
lant containing 16-18% aluminum with a specific impulse of 246 seconds.7s12
Fifteen to twenty db attenuation has been experienced. However, when the
aluminum was reduced to less than 5%, the radar attenuation was reduced to
less than 3 db. The chamber temperature originally, 5500°F, dropped only by d
400 or 500°F, It was noted, however, that in reducing the aluminum content, &
the ammonium perchlorate concentration was increased, which increased the
combustion efficiency. Silver? indicated they thought ionization from the
combustion chamber flame, which continued burning outside the nozzle, was
responsible for ionization in this case and that afterburning did not occur.
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Scout

The Scout Vehicle (NASA)'3914 employs a double-base propellant with
about 3% aluminum, At an altitude of 150,000 to 250,000 ft., and frequen=-
cies of 220 to 240 megacycles, a 4O db loss was experienced at about 250
aspect angle, They correlated the instantaneous (within 1/100 second) re-
covery of the signal with the firing of auxiliary "pitch" and "yaw" auxil-
jary jets powered by hydrogen peroxide. The signal attenuation then built
up in about 0.3 second. The "roll control" jet did not produce signal re-
covery. There is more propellant, however, in the pitch and yaw auxiliary
jets. The products of the hydrogen peroxide rockets are water and oxygen,
About 3% pounds/second of exhaust products are put in the stream; the main
exhaust from the rocket is about 70 times this mass flow., They have con-
sidered the following possible causes of ionization and explanation of re-
covery:

1. Ionosphere electrons - because difficulty occurs at 197,000 ft.,
approximate beginning of D region.

2. Antenna pattern - which is altered by the exhaust plume. In lab-
oratory experiments a magnetic field of approximately 1,000 gauss eliminated
a 6 db attenuation through the solid propellant exhaust., This is consistent -
with theoretical predictions on the effect of magnetic fields around an- .
tennas, 13216

3. Afterburning - Simulation tests (only to 150,000 ft. altitude) in
the laboratory failed, and new experiments are planned for higher simulated
altitudes.

4. Separated aerodynamic flow field - because the exhaust expansion
acts as a solid body. Experiments are planned with flow separation sensors
on vehicles scheduled for flight in mid 1962, .

5. Local phenomena - A camera on a vehicle will be used to photograph
the exhaust plume, which at an altitude of 200,000 ft. is approximately 80
ft. in diameter. They assume that the ionized gases from the exhaust plume
may be pulled up around the vehicle, and the hydrogen peroxide rocket makes
a small hole in this plume through which the radar signal penetrates.

Because of the rapid response to the auxiliary rocket, attenuation
is not due to the exhaust but due to the front surface of the exhaust plume,
They assume the water from the propellant blankets the plume surface and that
water vapor increases the ion recombination rate.

RADAR ATTENUATION THEORY

When radar waves, i,e,, electromagnetic waves, propagate through an
lonized gas such as exists in the exhaust of solid propellant rockets, they .
may be attenuated, refracted, reflected, or experience a phase shift. A num-
ber of detailed theoretical analysis are available and the principles involved
are well known'™3 We will contend ourselves with outlining some of the essen-
tial features of the problem of attenuation, and presenting a numerical ex-
ample,
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As an electromagnetic wave traverses a conducting medium or plasma,
it will be attenuated according to

E=E e °X (1)
0
where
E° = electric field strength on entering the medium
E” = electric field strength after traversing the distance x through
the plasma
a = attenuation factor or absorption coefficient

The absorption process can be pictured as one in which electrons are
accelerated by the electric field and lose energy to the gas via collisions
with the gas molecules. Thus, as an electric field travels through an ion-
ized medium, it will cause the electrons to move in the field direction. If
the electrons were free and did not suffer collisions, they would reradiate
their energy as a non-loaded antenna and the electric field would continue
to move through the medium without energy loss. However, when an electron
collides with a molecule of the gas, kinetic energy of the electron is trans-
ferred to kinetic energy of the molecules, resulting in a loss of energy from
the wave. In addition to the simple transfer of kinetic energy of transla-
tion to the molecules, the electron may cause the molecule to rotate or vi-
brate more than that due to the temperature environment. Under sufficiently
intense electric fields, the electron may receive sufficient energy to excite
the gas molecules to an electronic energy level. All of these energy trans-
fer processes remove energy from the propagating electromagnetic wave without
returning it, so the wave is attenuated with respect to its energy content.

Although any exhaust gas is made up of equal numbers of electrons (in-
cluding negative ions) and positive ions only electrons are considered in
the energy absorption process, because the positive ions are relatively much
heavier than the electrons and are thus essentially unmoved by the electric
field. The potassium ion (K*) is, for example, 7.2 x 10* times heavier than
an electron.,

From this discussion it can be seen that the attenuation of radar waves
traversing an ionized rocket exhaust would be expected to depend upon the
number or frequency of collisions of electrons with gas molecules and the
quantity of energy transferred on each collision. These quantities can be
related to the collision cross-section, which is the effective area of a
molecule which the electron "sees"”. Since the traveling electric component
of the electromagnetic wave can be pictured as continually reversing its
direction with the wave frequency, and thus the direction in which it exerts
a force on the electrons, a relationship can be obtained between the attenu-
ation and the relative radar and electron collision frequency. Thus, when
the electromagnetic frequency is small with respect to the collision fre-
quency, the electric conductivity of the gas is the same as the dc valuej
but when the electromagnetic wave frequency is large, the conductivity de-
pends on the frequency. Since the electrons are absorbing energy, the atten-
uation depends upon their concentration. These factors all enter into the
problem in a rather complicated way, and the manner of interpreting the
phenomena has varied greatly, at least mathematically, from author to author.
Nevertheless, the same principles have been involved and most of the
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differences are semantic. We will present the equations necessary to show
the relationship of the above parameters and to calculate radar attenuation
in rocket exhausts from molecular parameters, such as electron number density
and collision cross-sections. Rigor will be sacrificed to minimize and sim-
plify the number of equations with the intent of conveying a feel for the
problem to the uninitiated,

Attenuation is measured in decibels, db, which is defined as ten times

the logarithm of the power ratio P/Po. Thus, when an electromagnetic wave
of power P, enters an ionized medium and is reduced after traveling a dis-

tance x to 1/10 the original power, it is said to have suffered a -10 db
attenuation. From this definition and Eq. (1), we have

P _ E ___20_
attenuation in db = 10 log P = 20 log E_ =-3%2.303 ¢ %

To better see the meaning of a we observe that the electric and magnetic
components of a plane electromagnetic wave are described by

ejthYx
° (3)

which represents a wave varying periodically in time with the frequency
v = (w/27) and advancing in the x direction through space with a complex pro-
pagation factor

=a+3jp (4)

where a is the attenuation factor of Eq. (2) and B 1s the phase factor of the
wave. The phase factor determines the distance, or wave length A, that a
wave must travel to experience a total phase shift of 2w radians, so the

wave length is A = (2r/B) and the phase velocity is w/B, which may exceed the
velocity of light.

By means of Maxwell's equations, it can be shown that in the important
case where h&,ﬁn <<'1l, i.,e., the plasma frequency is less than the frequency
of the propagating wave (Wp will be defined subsequently)

2r ¢
T

c
with ¢ = velocity of light; 3 x 10'° cm/sec.

a = (5)
The phase factor can be shown to be?
=1 3
p - c[w - ci]
where G, and O; are the real part and the imaginary part, respectively, of

the complex conductivity. This conductivity now has to be related to the
fundamental properties of the medium,
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The motion of an electron in the electric field is described by the
equation

dv -
m, gt tm VYV =eE (6)

where v is the velocity of the electron, m, the mass of the electron, and v
the electron collision frequency which is assumed independent of velocity,
We will observe subsequently the velocity dependence of the collision fre-
quen?y)but for this analysis that can be safely neglected. The solution of
Eq. (6) is

vz_e....O___ (7)

The recognition that the current density, J, electron concentration, ng,, and
conductivity, O, are related by

J=neev=dE (8)
allows the solution for electrical conductivity
- _net v+ jw
°'°r+5°1“mem (9)

The plasma frequency, i.e,, the frequency at which the electrons will
execute simple harmonic motion about their equilibrium position due to an
electron produced space charge restoring force is

2
uz=ﬂ.£§_ (10)
p m
e
It is convenient to rewrite Eq. (9) with the plasma frequency
w2y w?uw
Md=vz+w3+.’vg+w3 (11)

The real part of this equation is that required to calculate the radar atten-
vation factor, a, in Eq. (5)*
w ? v
L or =v—z+—w2' statmhos/cm (12)
It is observed in Eqs. (11) and (12) that the conductivity depends, as

expected, on the concentration of electrons, the collision frequency of elec~-
trons with the gas, v, and a relationship between the collision frequency and
the frequency of the applied field, w, Thus, as the applied field is in-
creased beyond the collision frequency, a phenomena frequently observed in

*When v? > w?, Eq. (12) reduces to the dc conductivity

2 1 e
g -_-0.626_0._,..._
de mekr Q n,

which differs from that presented by Sherman® only in the numerical coeffi-
elend, 0,626 instead of 0,532,
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FIG. 3 INFLUENCE OF RADAR FREQUENCY, COLLISION
FREQUENCY AND PLASMA FREQUENCY ON ATTENUATION

time dependent systems is observed called dispersions the conductivity sud-
denly is reduced with increasing electromagnetic frequency. Thus, one of the
possible solutions to a radar attenuation problem is to increase the signal
frequency. This, of course, is done when reasonable, but other complications
arise which greatly limits this as a standard "fix". For example, at the
higher frequencies it becomes more difficult to effectively produce electric
power and molecular absorption becomes important.

Eq. (12) indicates the rather complex manner by which the attenuation
(Eqs. 2 and 5) depends upon the radar frequency, collision frequency and
electron density via the plasma frequency, Wp. A better demonstration of
this is shown in Fig, 3, which is obtained from a more exact mathematical
representation., For detailed curves, see Balwanz.? Since the collision fre-
quency as well as the electron density are dependent upon the pressure and
temperature, and thus the altitude, as well as the chemistry of the system,
this shows why an understanding of details is required. The problem, however,
is by no means hopeless because, as we will see, we already have an under-
standing of the rudiments.

In order to predict the radar attenuation, the electron concentration
and collision frequency are all that is required at a given radar frequency,
The estimation of the electron concentration is the subject of laboratory
studies of rates of ion (and electron) formation and removable, or when
equilibrium pertains, the electron concentration can be obtained by a straight-
forward thermodynamic equilibrium calculation,
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The collision frequency, v, is related to the collision cross-section,

Qe by

8k T
e

T™Tm
e

<
]

> I0<
1]

§ ng Qq, (13)

@

where

= electron velocity

= electron temperature

electron mean free path
= number density for the s species with which the electrons collide
electron collision cross-section with the s species.

> Y - <
o o o o

Q

es

Since the collision cross-sections for electrons with exhaust products are
not well known in the low energy range of interest, an average value is fre-
quently used. Eq. (13) then becomes, in terms of the total particle density,

n
_ /8k . . 3
v = Tm, ﬁe s Qe (14)

(o]

Because of the large dipole of water vapor and its usual large concen-
tration in exhaust gases, Altshuler® has shown that its collision cross-
section normally dominates all others and may be expressed by

2 -
Qe Ve = 5,9 cgs units

; X (15)
e

-11
or Q, =5.9 @GPt =Loxl0
e

Collision cross-sections frequently show large variations with electron
energies, With solid propellants of the ammonium perchlorate type, large
concentrations of HCl will also be present in the exhaust. This has an
electron collision cross-section of about 5.5 x 10°'2 cm? over the tempera-
ture range of interest in rocket exhausts, This is comparable to that for
water which is, according to Eq. (15)

Temperature

e
1,000°K 15
2,000 7.
3,000 5
4,000 3

Other cross-sections are the order of 20% of these, so can probably be ne-
glected for most rocket exhausts - the overall calculation is probably not
that good.

The electron temperature is required in both Eq. (14) and (15) and may
differ from the gas temperature. This is to be expected when electrons are
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being preduced by chemi-ionization reactions at the point of interest.
Langmuir probe studies in laboratory flames show electron temperatures sev-
eral thousands of degrees greater than the flame temperatures and these tem-
peratures persist downstream from the reaction zone for a longer time than
would be predicted by electron temperature relaxation theories, This situ-
ation needs clarification - until then, the flame temperature will probably
have to be used.

To more clearly convey some idea of the numerical magnitude of sttenu-
ation due to electrons, the curves in Fig, 4 have been prepared with reason-
able assumptions covering ranges of possible interest. The electron concen-
tration is presented in mole fraction of electron, “e/“o9 where n, is the
total number of molecules in the gas phase and is given by

n, =2.687 - 1019 . 3%2 . g molecules/cc
with p in atmospheres and T in %K. The curves were generated by use of Eqs.
(2),(5),(10),(12) and (14). When wp/w > 1 the detailed curves prepared by
Balwanz” ‘were used instead of Eqs. (2), (5) and (12). These detailed curves
are in a very usable form and are recommended to anyone desirous of making
attenuation calculations. In computing the collision frequency, v, by Eq.
(14), an average electron collision cross-section §, of 6 x 10~75 cm? was
assumed at T, = 2,000°K. The following pressures with their equivalent neu-
t;al number density (at 2,000°K) and equivalent altitude (ARDC model)'® were
chosen

Pressure, Atm, " (at 2,000%K) Altitude, Ft.
1.0 3,67 x 1018 0
0.1 3.67 x 107 53,000
0.01 3.67 x 1016 100,000
0.001 3.67 x 10%3 160,000

The following frequencies corresponding to the indicated radar bands and
wave lengths were chosen

Frequency
Frequency Band Range Wave Length
KMC Designation KMC cm

1 L 0.39 - 1.55 7 - 20
5 s 1.55 - 5.20 20 - 5-8
C 390 - 6,20 11.8 - 7.3
10 X 5.20 - 10.9 5.8 - 2.5
K 10.9 - 36.0 2,5 - 0.8
Q 36 - 46 0.8 - 0.6
50 \' 46 - 56 0.6 - 0,5

SOURCES OF ELECTRONS

There are several possible sources of electrons from solid propellant
rockets. These sources are illustrated in Fig, 5. First consider the solid
propellant in the combustion chamber itself. Here both the temperature and
pressure level are quite high so that reaction rates will be fast. There

bare two potential sources of ions in the rocket chamber, First, because of
the high temperature level, thermal ionization of low ionization potential
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FIG. 5 ELECTRON SOURCES IN SOLID PROPELLANT
ROCKETS

substances such as potassium, sodium, aluminum, and nitric oxide may occur,
These substances may be part of the solid propellant or impurities in the
propellant. For example, ammonium perchlorate commercial grade has about
400 ppm of potassium and about 40 ppm of sodium, while atomized aluminum
powder may contain about 500 ppm potassium and about 20 ppm sodium. (See
Table II in next section). As will be seen in the next section, these quan-
tities of material are sufficient to produce thermal ionization at the high
temperatures of rocket propellants. Were these sources not present, it is
also possible that ions could b® produced by chemi-ionization. This would
be expected particularly when hydrocarbons are present to react with oxygen,
However, no evidence has yet been obtained for chemi-ionization in solid pro-
pellants, and at these temperatures it seems quite likely that themmal ioni-
zation will mask any chemi-ionization. Some examples of electron concentra-
tions in solid propellant strands burned in a burning-rate bomb are presented
in Fig, 6. These concentrations were calculated from conductivity measure-
ments between small wires emersed in the solid propellant flame (AeroChem
Data). However, until better information is obtained, we must hold open the
possibility of chemi-ionization. Even in the presence of low ionization
potential alkali metals, chemi-ionization could produce ions above the ther-
mal level by charge exchange reactions such as

HyO' + Na = HyO + H + Na¥
It should be noted that enhancement of ionization in alkali-containing flames

has been observed!?273, Fig, 7. This enhancement may also occur at the pres-
sure of the rocket chamber.

Page 16 aaun




€ *3o9y¥ @3007®D
SHWY'T

LNVTTId0dd dITOS TIVOIdAL NI
SNOILYILNIONOD NOWLOHTI 9 °DId

Poppe wnrssejog 0o/swojle 70T X T
UITM *ule €60°0 3Ie ITY - auedoag

JWVTd DNINIVINOD WAISSYIOd ¥V NI

NOILVZINOI WNI¥dITINOI-NON L °OI4
81sd ‘38NSSINd

00!
. 0doz P _ 0iO1X €
SANO23SIMIIN ‘3INIL .
og g2 oz Sl ol S (o) i T
T T T T a0 | —
i 61-1 )
B A -
, o
— I 1}
N S O a
D g . m
WNI¥8INING3 & z
o 3 i 1 8
2 3sve-318noa z
- Aor 2 i 1 2
o -
2 . 1 2
13 5
. o — —
9 @ 2
‘. - -
: = R ¢-N n m
1 C 1 g
- Sl _ N 1 3
S — —{=0! 3
o e
5 3LISOJNOD ILVHOTHONI WNINOWWY »
! o
] B O - (2]
- 0102
o}
- o —
— IXS
_ o T "Jwo

Page 17




The ionization thus produced in the rocket chamber will decay as the
combustion gases are exhausted from the combustion chamber through the rocket
nozzle. The temperature and the pressure will drop as the gases expand in
the nozzle. During this process the ions produced in the chamber will be
lost by recombination. Recombination of alkali metal ions is slower than re-
combination of chemi-ion ions., This will be discussed in detail in a sub-
sequent section, It should be noted here, however, that with fluid dynamic
theories which are quite adequate for expansion of gases in the nozzle, and
with a knowledge of the variation of ion recombination coefficients with tem-
perature and pressure, one should be able to predict the variation in ion
concentration as the gases are expanded. Electron attachment can also reduce
the electron concentration during expansion, and a knowledge of attachment
coefficients would permit a prediction of the extent of electron decay expec-
ted due to this source. The same problems associated with frozen equilibrium
of the combustion products will prevail for these calculations and can be
treated in the same fashion as in determining where frozen flow occurs in the
nozzle, This will also be discussed in more detail in a subsequent section.

The gases, after leaving the rocket motor, may mix with the outer at-
mosphere. Should such mixing produce a combination of temperature, pressure,
and composition appropriate to thermal ignition, afterburning will be obtained.
This afterburning will increase the temperature so that again it is possible
to thermally ionize any impurities which may have been in the rocket chamber.
Such impurities may also arise from the case or any lining material in the
nozzle., Again, the possibility of chemi-ionization should also be considered.
It may even be more important here because the gas temperatures due to after-
burning may be considerably lower than those in the rocket chamber. The possi-
bility that shock diamonds formed in the exhaust gas will produce ionization
has also been considered4??, as well as the possibility of solar ionization
of excited products?*»7 and the reflection from solid particles.” The high
relative velocity of the exhaust gases with respect to ambient gases may also
increase the temperature - this will be considered subsequently.

Ionization in rocket exhausts may come from a number of sources, and
it is thus difficult to generalize and compare observations from one rocket
firing to another when the conditions vary greatly. A detailed understand-
ing of the basic processes involved, such as themmal ionization, chemi-ioni-
zation, ion recombination, ignition, and afterburning will go far toward
allowing one to predict when difficulties will be experienced. Solid par-
ticles such as carbon produced in rich flames due to degradation of the case
material, as well as solid particles such as aluminum oxide produced in the
combustion of aluminized propellants, also offer a possible source of ioni-
zationj these too will be discussed in more detail.

THERMAL IONIZATION

If one were faced with the problem of determining the source of ioni-
zation for the first time, thermal ionization would be the first step in the
process. Indeed, the earliest advocates of a chemi-ionization mechanism in
hydrocarbon-oxygen flames had to first prove that the source of ionization
was not the result of ionization of intermediates, e.g., free radicals or
impurities such as potassium or sodium, having a low lonization potential.
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Ionization of Gases

A rough idea of the ionization to be expected from substances appear-
ing in solid propellant flames can be gained by a comparison of the ioniza-
tion potentials, Vi’ of possible components of the flame, Table 1I.

TABLE I, IONIZATION POTENTIALS, eV

a

Substance Xl Vi/R
Na 5.14 59,600
Ca 6.11 70,900
Al 5.98 69,400
Alzo 7.7 89’m
NO 9.25 110,000

aVi/R has dimensions of T %k

If it is certain that the source of ionization is thermal then the cal-
culation of the electron concentration is in principle a simple matter by
using Saha's equation, which expresses the concentrations of the ion, elec=-
tron, and neutral species in equilibrium.

A:Z:Af + e

Saha's equation for a singly ionized substance is obtained by simplifying
the equilibrium constant partition function ratio and is usually used as
n, ng 5040 Vi
=log G+ 15.38 + 1.5 109 T - T » where

log Kn = log o
o

Kn = equilibrium constant

Rgs My N = the number density of electrons, ions, and neutral
species respectively
g9, 9
G=2—e - the statistical weight of ions, electrons, and neutral
o species respectively.

For the alkali metals such as sodium and potassium, Je =25 g, =1, and

go = 23 therefore, G = 1. For the alkaline earth metals such as calcium and
barium, 9e =25 g4 =2, and g, = 13 therefore, G = 4. The Saha equation in
the above form considers only equilibrium between the ground state and ioni-
zation and neglects other excited states, so that a more exact calculation

may give a smaller degree of ionizatiop.3 Thus, for a specific liquid pro-
pellant motor, the ionization of NO at 3400°K and 500 psi, the above method
gives 3.6 x 1079 mole fraction electrons, and the exact method gives 2.6 x 109
mole fraction electrons.

The appearance of at least trace quantities of potassium and sodium

appearing as impurities in most materials can be accepted without question,
As an example of this, analyses of some propellant ingredients and rocket
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TABLE 11

ANALYSIS OF PROPELLANT INGREDIENTS FOR SODIUM AND POTASSIUM
(parts per million)

Ingredients’ Na K

Aluminum: dynamite grade 10 1
Metals Distintegrating Co., spherical 29 180

Alcoa 1232 0 490

Alcoa 1233 <5 <30

Ammonium perchlorate: commercial 80 420
" 42 380

reagent 12 14

Nitrocellulose: Parlin Plant 50 0
Olin Ball 147 440

Triacetin 0 0]
Resorcinol 28 1
2 Nitrodiphenylamine (NDPA) 0 0
Nitroglycerin 16 17
Buna-N: insulator 600 50
liner also 1760 ppm Ca% 1600 700

DDP propellant: base-grain process 29 100
slurry-cast process 100 160

From Ref. 17 except where indicated

Private communication from Paul Molmud Space Technology Laboratories,
Aug. 8, 1961

From the Aluminum Company of America November 7, 1961

Private communication from Billings Brown, Hercules Powder, Magna,
Utah, February 8, 1962

Page 20 S



materials have been accumulated from various sources and shown in Table II1.

Using Saha's equation and a reasonable range of potassium and sodium
concentrations in ppm by weight (assuming an average gas molecular weight of
25) that can be expected in ammonium perchlorate propellants, the electron
concentrations were calculated for three different pressures (1000 psi, 1 atm,
.001 atm) and plotted against temperature in Figs. 8, 9, and 10. The curves
were constructed by considering the equilibrium only between alkali metal
atoms and electrons. No account has been taken of the equilibrium of the
potassium and sodium atoms with their oxides or salts which would .reduce the
electron concentration, nor was the attachment of electrons to form chloride
ions or hydroxyl ions considered in this computation.

The question has been raised as to why potassium sulfate, which is used
as an additive in propellants in order to prevent afterburning, does not ion-
ize appreciably. Certainly the potassium will ionize appreciably when the
gas temperature is high enough. However, the potassium sulfate prevents
afterburning and thus prevents the formation of high temperatures.

Because of the low ionization potential of cesium, quantities as low as
1 ppm could cause appreciable ionization. In connection with the Minuteman
program#, there was some concern about the presence of small quantities of
cesium in ammonium perchlorate. It was found, however, that cesium is not
present in any detectable amount in the ammonium perchlorate obtained from
the Henderson Plant of American Potash and Chemical Corporation; therefore,
no problem is anticipated from cesium,

Nitric oxide also was considered as a source of ionization in the
Minuteman.4 An equilibrium calculation showed that the electron concentra-
tion produced from the ionization of nitric oxide in the exhaust would be
only one percent of that produced from the sodium impurity. -

Considerable attenuation is encountered when aluminum is added to pro-
pellants to increase rocket performance. We may expect aluminum to increase
the ionization in rocket exhausts in several ways. One way may be the direct
result of the increase in combustion temperature associated with the large
quantities of aluminum. Consequently, the exhaust temperature will increase,
and therefore the electron concentration will increase by thermal ionization
of potassium and sodium present in the propellant. As an illustration of the
magnitude of this effect, DDP-70 propellant which contains 29% aluminum has
an equilibrium exhaust temperature of 2088°K.% Using Fig. 9 and a potassium
content of as small as 10 ppm in the propellant, the electron concentration
in the exhaust will be 4.2 x 10! electrons/cc. The trend in solid propellant
rockets appears to be toward hotter propellants, Examples of thisoare the
above DDP-70 propellant which has a combustion temperature of 3279°K (1000
psi) and CYH propellant which has a combustion temperature of 3660°K (300 psi).
In the above example, afterburning was neglected., Ignition of the exhaust
gases will become easier as a result of the hotter exhausts which would aug-
ment the problem. : '

[

Still another possible source of trouble with aluminized propellants is
the thermal ionization of gaseous aluminum and its oxides, The thermal ioni-
zation of aluminum oxide molecules should be clearly distinguished from the
thermal ionization of small aluminum oxide particles, which will be discussed
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in a subsequent section. The ionization potential of aluminum is comparable
to calcium (Table I). The ionization of aluminum was considered in a recent
Minuteman report.® The first results of a machine calculation indicated that
aluminum is as important as potassium in giving free electrons in the chamber
(Table I1I). However, at one atmosphere the aluminum contributes only about
6 x 1073 as many electrons as potassium, This, of course, assumes equili-
brium - if the aluminum does not burn completely, it may make a larger con-
tribution.

The ionization potentials of the aluminum oxides are unknown. with the
exception of Al,0, which has an ionization potential of 7.7 eV. An estimate
of the lonization potentials of the other aluminum oxides can be obtained by
comparison with the ionization potentials of adjacent groups in the periodic
table, which shows that the ionization potential of the other aluminum oxides
will not differ greatly from that of A1,0,

Attachment

When substances are present with large electron affinities, these may
remove electrons by attachment. The electron affinities for some such species
are summarized in Table IV. The importance of attachment is shown in Table
III. Because of the large electron affinity of chlorine and the large quan-
tities of chlorine in the exhaust, an estimate of electron attachment to
chlorine atoms has been made to show when it might be important, Fig., 11.
Attachment of electrons to hydroxyl radicals is also significant as Table
III shows, but it was not considered in preparing Fig., 11. Only two equilibria
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were considered + -
NaZNa + e
Cl+e 22CY

and the chlorine atom concentration was considered constant for 1 and 0.01
mole % over the temperature range. To consider all the required equilibria,
of course, is a complex calculation. The reduction of the electron concen=-
tration as a result of equilibrium attachment can be appreciable, as seen in
Fig. 11 and Table III, As will be pointed out in a subsequent section,
attachment rates may be slow so equilibrium may not be attained; thus, the
actual electron concentration will lie between the attachment and non-attach-
ment calculations.

TABLE IV, ELECTRON AFFINITIES, eV

0y 0.97
OH 2.27
CN 3.67
C1 3,78
Br 3058

Solid Particles

. The possibility that solid particles might be responsible for ion for-
mation in flames has for a long time been an attractive hypothesis for many
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people who would explain ionization in hydrocarbon flames by small carbon
particles, Mass spectrometric studies have conclusively eliminated this ex-
planation'?92'% and, in fact, it is most likely that the mechanism of ion
formation in hydrocarbon flames explains the formation in some instances of
carbonaceous particles.? Nevertheless, under conditions when large concen-
trations of carbon particles exist at high temperatures, themmal ionization
of these particles to produce electrons can be expected. The exhaust of many
solid propellant rockets, particularly those containing metals, are frequent-
ly rich in solid particles such as Al,04, and these also must be considered
as possible sources of thermal electrons.

The energy required to remove an electron from a solid, i,e.,, the work
function, is low compared to the energy required to ionize an atom or mole-
cule which makes solid particles attractive electron sources. However, many
atoms or molecules are required to produce a particle which in turn can us-
ually be responsible for only a few electrons per particle. Einbinder'! and
F. Smith'? have developed theoretical expressions for the themmal production
of electrons from solid particles in terms of the size of particles, the tem-
perature, the number density of‘particles and the work function of the sub-
stance, Because the particles are small, an effective correction to the work
function is required to account for the electrical capacitance of the particle,
which will make removal of an electron more difficult., The work function of
small solid particles has yet to be determined experimentally,

As a rational approach to the problem, we have assumed three widely
different percentages of total molecules in the gas tied up as solid part-
icles; i,e,, we have assumed that of the total molecules present at the tem-
perature-pressure conditions, a given percentage is tied up as a solid par-
ticle. This method of presentation avoids the possible error of choosing a
particle size and number density which is unrealistic with respect to the
total gas composition., Thus, for example, in an ammonium perchlorate-poly-
ester resin propellant of 80-20% by weight, the mole percent carbon atoms in
the atomic make-up of the products is 14%. This is available to produce not
only carbon particles but carbon dioxide and carbon monoxide which are pres-
ent (at equilibrium, no carbon particles are anticipated) to the extent of
9 and 22 mole percent, respectively. Any carbon in the form of particles
must come at the expense of these two products, and the oxygen which would
have been attached to the carbon must be accounted for. For aluminized pro-
pellants, Hogland and Saarlas'? state that as much as 20-40% by weight of
exhaust gases can be solid Al1,0, particles of about 2-4 microns diameter.
Other estimates of particle size are 1-2 microns.'# There may, however, be
many fines which are not reported because the major interest in solid part-
icles has been chiefly in termms of velocity and temperature lag in nozzle
flow, and for this purpose the large particles are of most concern.

The volume occupied by each carbon atom is 8.8, x 10724 cc for a den-
sity of 2.25 gn/cc for graphite (amorphous carbon has a density of 1.8 to
2.1 gn/cc). Then the number density of solid particles in the gas is

n
- (3 -24 (<9
a = (lar) 8.8, x 1072 (—13)

where ncg is the hypothetical number density of carbon atoms in the form of
particles, and r is the particle radius., The calculation proceeds according
to Smith'? by calculating a saturation electron density near the bulk solid,
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ngs and then correcting this for the capacitance effect to the real electron
density in the gas phase, ne. The saturation density is given by

2rm k 3/2
= e 3/2 -O/kT
ng 2( = ) T e
where
m_ = electron mass = 9,11 x 10-28 gn

= Boltzman constant = 1.38 x 106 erg/degree
Planck's constant = 6,63 x 10°27 erg/sec
= work function, ergs (1 eV = 1,60 x 1072 ergs)

e xR
]

The work function for carbon has been teken as 4.35 eV, It should be noted
that the work function is very sensitive to surface contaminates as well as
bulk composition. The carbon particles found in flames are known to contain
rather large concentrations of hydrogen, so before this treatment can be
accepted with any level of confidence, measurements of work function will
have to be made of carbon particles actually experienced in propellant com-
bustion. F. Smith'® has deduced a work function for A1,0, particles of 6.1
eV from measurements of electron concentrations in an oxy-acetylene flame
made by Pearson,'6

The rather complex equation required to complete the calculation has
been plotted by Smith as ne/ns as a function of W, and this graph is repro-
duced here as Fig. 12, The function W can be written as

W= @ﬁ%&) arl
e ng

where e = charge on electron = 4.80 x 10°'0 esu (cgs-units). In writing W,
the solid particles have been assumed to be spherical and their capacitance
substituted as C = 4mer., If other particle shapes are of interest their
capacity may be substituted,

This procedure has been used to generate the curves in Filgs. 13, 14,
and 15, which may be used to estimate the electron density due to carbon
particles when a portion of exhaust is in the form of carbon particles and
the particle sizes are available.

Similar curves could be produced for A1,04 particles. If the work
function is 6.1 eV'3, the electron concentration will be less than for car-
bon., If, for example, we assume 33% by weight of Al,04 in the exhaust, a
particle radius of 1 micron, a temperature of 2,0009K and a pressure of 1.0
atm, the electron number density would be about 103 per cc. For the same
weight percent carbon at the same radius and assuming a work function of
4.35 eV, the electron concentration would be 4 x 10° per cc.

CHEMI-IONIZATION

In chemi-ionization, the energy of an elementary exothermic chemical
reaction leaves one of the products in an ionized state

A+B->C+D + e
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It has been demonstrated! that chemi-ionization is the principal cause of the
large excess of ions in hydrocarbcn-air or hydrocarbon-oxygen flames. The
significance of this mechanism can be readily appreciated when it is realized
that the ion concentration in some low temperature hydrocarbon air flames

may exceed that which one would predict by thermal equilibrium, i.e,, treat-
ing the products of combustion including radicals by means of Saha's equation
by as much as 10'2, Contrary to somewhat popular belief, the process of
chemi-ionization does not refer to a mysterious process. It describes simply
the reaction of two reactive species where a major part of the energy of re-
action goes into ionizing one of the products. Reactions in which vibration-
al energy of one of the products is concentrated in one degree of freedom

are not uncommon. A rather large numbar of possible candidates have been
considered for the specific ion-producing reaction. Although a number of
these may actually participate, the reaction

CH+ 0—-CHO + e

has been considered most probable.?®3 The increase in attenuation experienced
when entering the ionosphere, where oxygen is dissociated (see Fig. 2), may
be due to the above reaction or to more intense afterburning by oxygen atoms,

From the measurements of maximum ion concentrations in hydrocarbon-air
flames and the rate of ion recombination, the rate of ion production has been
deduced as about 3 x 10'3 ions/cc/sec, From studies of ionization flame de-
tectors used in gas chromatography, it has been demonstrated* that ionization
in hydrocarbon type molecules with air is very nearly linearly dependent upon
the concentration of hydrocarbon from extremely low values of the order of
107% mole fraction to .0l. It has also been demonstrated that the ion con-
centration is directly proportional to the number of carbon atoms in the hy-
drocarbon molecule with a somewhat smaller ion yield for carbon atoms which
are already partially oxidized. From this data, as well as data on low
pressure flames, it is estimated that an electron is produced for every mil-
lion carbon atoms in the molecules which are burned. -

Thus, if one knew the concentration of hydrocarbon fragments in a roc-
ket exhaust, the number of ions produced from these fragments in afterburning
could be predicted. It is not safe, however, to use the thermodynamic esti-
mate of the hydrocarbon fragment concentration, so that the quantitative
difficulty here hinges upon knowing either the concentration of hydrocarbon
fragments or the concentration of CH radicals and oxygen atoms in the ex-
haust in order to predict the rate of chemi-ionization. Although we may
understand the process we are not much better off, because we are ignorant
of these concentrations, This represents a fundamental problem in general
combustion chemistry.

The dominant ion in hydrocarbon-air flames has been shown by mass spec-
trometric studies®?6*7 from several mm Hg to 1 atm to be the hydroxonium ion
H,0%. This ion is produced from the CHO¥ ion above by an ion molecule charge
exchange reaction in which the proton is transferred from the CHOt ion to the ~
water molecule + +
CHO + H,;0 = CO + H,a0

The rate constant for this reaction has been estimated? to be about 1 x 1078
cc/molecule sec. Many other lons are produced in hydrocarbon-air flames,
some of which can be rather simply explained, while others, to date, remain
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a mystery. In rich flames with an excess of hydrocarbon radicals present,
the formation of hydrocarbon ions occurs by the process

+ +
Cn Hm_1 + H,0 -*Cn Hm + H,0
Build-up reactions of hydrocarbon ions are generally exothermic with very
small activation energies, so once a hydrocarbon ion or ion radical is pro-
duced we are on our way to larger ions via

R++ R—»RR+

In low pressure hydrocarbon-oxygen flames, ion profiles typical of those pre-
sented in Fig. 16 have been obtained,

The importance of the mechanism of chemi-ionization is not limited to
hydrocarbon-air flames because when small concentrations of alkali metals are
added to hydrocarbon-air flames at low temperatures, the concentration of
alkali metal ion can exceed the hydrocarbon-ion concentration, probably by
charge exchange

HyO' + Na »olg’ + H,0 + 1

In these reactions the concentration of ions due to the alkali metal may
actually exceed the equilibrium ionization concentration for the alkali metal8s?
(see Fig. 7). The large effect which additives can have on the ion concen-
tration is further evidence of some of the complexities of the multitude of
reactions involved in a flame. Therefore, we might summarize by saying that
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although a frame of reference exists to explain the phenomena of chemi-ioni-
zation and rather adequate explanations are available in some situations,
the details in many cases have yet to be worked outs and the significance of
this -phenomena on ionization in rocket exhausts has yet to be completely de-
fined.

ELECTRON 1OSS MECHANISMS

Electron loss mechanisms are important because, coupled with the rates
of ion formation, they determine the steady state electron concentration,
and under some conditions, they will be the rate limiting step. Thus, when
chemi-ions are produced either in the rocket chamber or in afterburning, the
electron loss mechanism will determine the electron concentration as a func-
tion of time after production, which can be related to position in the roc-
ket nozzle and in the expanding exhaust plume, For thermal ionization, the
electron loss processes will determine the position in the nozzle at which
the electron concentration is essentially frozen.

The important electron loss mechanisms are!?2: 1, Electron attachment,
2, Recombination (dissociative or three-body) and 3. Ambipolar diffusion.
These will each be discussed as will the electron decay during nozzle expan-
sion.

Electron Attachment

Electrons may be removed by attachment to atoms or molecules, As we
have already noted, attenuation is due to electrons and not ions, so produc-
tion of a relatively heavy negative ion by attachment effectively reduces the
attenuation. Should the electron then become detached further downstream,
possibly by photodetachment, attachment would in effect have reduced the
electron density but increased the size of the exhaust plume. It seems,
however, more likely that the fate of the negative ion would be to recombine
with a2 positive ion and remove the electron completely, The equilibrium
degree of electron attachment may be calculated by Saha's equation as descri-
bed in the section on thermmal ionization., However, the actual rate of
attachment, i.e., the rate at which equilibrium is approached may become
important.

Three processes for attachment are generally recognized, and these are
distinguished by the manner in which the electron attachment energy is dissi-
pat;d. These are (“A" represents a molecule or atom with an electron affin-
ity

1. Radiation: -
A4+e = A+ hy

2. Three body: -
A+ e + M= A+ M (excess energy)

3. Resonance transfer to an excited electronic or vibrational state:
A+ e — A*
The rate of the process is frequently described by an attachment co-
efficient, B (cc/electron-sec) defined by the equation
dn

e _
at - B Ne My
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where n, is the concentratioen of molecules attaching electrons., The attach=-
ment coefficient is related to the average electron velocity by

B =V8Qa

where Qa is the attachment cross-section. Another term, the attachment prob-
ability, h, is frequently used. This is the number of attachments per colli-
sion and relates the attachment cross-section, Q , to the kinetic theory
electron cross-section Qe by a

Qa =th

All three temms in this relationship are functions of electron temperature,

Electron attachment processes are apparently slow compared to other

flame processes. Typical values are Q; = 1022 c¢m? and h = 10-7. Yet they
may play an important part when large concentrations of halogen are present;

see Table IV and Fig., 11. Experimental studies of attachment rates for
chlorine containing flames are a must.

Measurements of attachment to form, presumably, OH , in hydrocarbon-air
flames have been made by Williams3*4 who finds h =2 x 10°%, Knewstubb and
Sugden found very little OH™ with a mass spectrometer® in hydrogen flames,
while our Langmuir probe studies would indicate large concentrations of neg-
ative ions.

The capture of electrons by small particles has alsd been considered®
and has been proposed as a means of removing free electrons.”

Electron Recombination

Two processes of electron recombination may be important in flames,
again identified by the means of dissipating the energy of recombination.
The important processes in a flame are

1. Three body: + -
A'+e +M>A+M or

AV 4+ B 4+ Mo A+ B+ M
2. Dissociative recombination:
At + " A+ B

The recombination coefficient, a, is defined by

dn
'—tdt =an n oran n

Although this is a reaction rate law the a differs from the chemists rate
constant, k, in that a may depend on the concentration and thus pressure,
Because electrical neutrality must be preserved, the electron or negative £
ion concentration is usually equated to the positive ion concentration and

the expression written a n;®, For dissociative recombination, a is indepen~

dent of pressure; and for three-body recombination it is dependent on the

first power of pressure. The half life, i,e. the time it takes the ion
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concentration to decay to one-half its original value is

D |
1> n,
The three-body process would be expected for alkalil metal ions, and
such coefficients are in the range of 10™'' to 107% cc/sec, dependent upon
whether the negative species is an electron or ion., For dissociative recom-
bination a value of ~10~7 cc/sec is expected,

Recently measured values® for sodium and potassium in a 1 atm propane-
air flame at 1970°K are a ~ 0.4 x 10~® and 3 x 10”9 cc/sec respectively,
Earlier measurements of Knewstubb and Sugden? were interpreted to give
a~5x 10°9 cc/sec for the reaction

A++0H--bA+0H

where AT is an alkali metal ion, Padley and Sugden'® measured a =3 x 10~?
cc/sec for lead fons. It is interesting that a calculation according to

Thompson's three-bod¥ theory? at 2’000°K and 1 atm gives for sodium and po=,
tassium a = 3 x 107" and 2 x 10"''with electrons, and 4 x 10™® and 3 x 10

with OH".ions.

The recombination coefficient for the normal flame ion decay has been
measured over a pressure range of 0.04 atm to 1.0 atm for propane-air flames
and is found to be 2 x 10”7 cc/sec and independent of pressure.!! This value
has been confirmed in hydrogen-air flames.'? Because the dominate ion in
both flages is H,O+, this is probably the recombination coefficient for the
reaction

Hy0' + e~ — Ha0 + H or OH + 2H
although the negative species may be OH .'? The temperature dependence has
not been established, , Bate's theory'®? would predict a temperature depen-
dence of T-1/2 to T-3/2,

Ambipolar Diffusion

Diffusive loss of electrons will become more important as the altitude
is increased and will be greater for smaller diameter exhaust jets than for
larger jet diameters. When electrons diffuse out of the jet, they will pull
the positive ions along because of the electrostatic potential created by
charge separation. This is called ambipolar diffusion. The ambipolar dif-
fusion coefficient is given by2?14"

= D+ He + De Ky
a B+ L
where the D's are diffusion coefficients and the p's are mobilities.

The relaxation time, i,e, the time for the electron concentration to
decay to 1/e of its original value is : w

Az
™ =D
a

where A is a characteristic dimension. For a long cylindrical exhaust jet
of radius R
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.
A=33

The rate of electron decay is given by

e Do __ e
dt T A2 e T

The ambipolar diffusion coefficient can be estimated? in flames where H30+
dominates by

D, ~ 100 (-ll;)( 2—,;-3-)3/2 cm?/sec

where p is the pressure in mm Hg and T is the temperature in °K. There is a
need for better measurements of D, in flames over a larger range of conditions
and for flames including potassium, sodium and aluminum ions.

A simple calculation shows that for an exhaust temperature of lOOO°K
at an altitude of about 160,000 ft. and an exhaust jet diameter of 10 ft.,
electron diffusion loss would become important in about 5 seconds.

Additives

Additives may be effective in two ways. They may prevent the ignition
of the exhaust gases, and thus afterburning, or they may alter the electron
concentration in a combustion flame. Inhibition of combustion will be dis-
cussed in the section on afterburning; changes in electron concentration by
additives in burning flames will be discussed here. Very small concentrations
of additives can produce large changes in electron concentration. See, for
example, Fig, 17 and 18, This data was obtained with a Langmuir probe at
fixed voltages. In this experiment the additive was added in small concen-
trations (0.2 mole percent of total fuel-air mixture) to a lean hydrocarbon-
air flame at 0.043 atmospheres total pressure, This flame was chosen for
-screening studies because there is apparently no difference in performance
between a2 hydrocarbon-air flame and a hydrogen-carbon monoxide-hydrocarbon
(small concentration) - air flame used to simulate afterburning., The re-
sults will ultimately be examined in flames more equivalent to afterburning
compositions, including the presence of chlorine.

The effect of additives is complex. In all cases where a decrease in
electron concentration has been observed, the positive ion concentration has
been increased. Because electrical neutrality must be preserved, this means
that large concentrations of negative ions must be produced. Iron penta-
carbonyl (Fe(CO)s) has a profound effect on decreasing the electron concen-
trations when added in concentrations of about O.1 mole percents but in much
smaller concentrations, ~ 0.0l mole percent, it increased the electron con-
centration by almost a factor of two and the positive ion concentration by
about three times. The additives which we find cause changes in electron -
concentrations have also been observed to have a profound effect in reducing
the burning velocity.'? 1In our additive studies we: frequently observe ex-
tinguishment of the flame by the addition of small concentrations of addi-
tive. The possibility thus exists of completely inhibiting afterburning
(see a. subsequent section and the discussion on the Terrier).
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There are several conceivable mechanisms by which additives might
affect electron concentrations.. The most obvious is that of attachment

e + X2 X

where X must have a large electron affinity. Some typical attachment co-
efficients are given in Table IV. Chlorine is a good potential attacher
and will be a natural product from the combustion of ammonium perchlorate
propellants. Since the concentration of electrons is a function of the rate
of formation and removal, any alteration of either of these processes will
change the electron concentration. For example, if the rate of recombin-
ation of the negative ion with the positive ion is less than the rate of re-
combination of the electron with the positive ion, the addition of a sub-
stance which attaches electrons would cause the positive ion concentration
to increase, while the electron concentration was decreased as in Figs. 17
and 18, Halogens have also been found to increase the electron concentra-
tion when added to alkali laden flames.'6

Another mechanism by which the additive could.play a role is in in-
creasing or decreasing the rate of ion formation by altering the concentra-
tion of ion precursor, e.g.s CH or 0. This must be the sttuation when the
additive either increases or decreases both the positive ion and the electron
concentration., The details will be available from mass spectrometer studies
and we will then be in a better position to recommend specific additives to
solve specific attenuation problems, It is premature to seriously consider
using Fe(CO),. for example, in the rocket exhaust to solve the attenuation
problem.

Nozzle Expansion

High electron concentrations produced in the rocket chamber will be
reduced as the thrust producing gases are expanded through the nozzle, This
expansion causes a reduction in pressure which itself reduces the electron
number density, assuming the mole fraction to remain constant.

If the electron production process is chemi-ionization, the source of
fonization ceases as the combustion ceases so the electrons will recombine
with positive ions as the gases expand through the nozzle., It should then
be possible to use the laboratory measured rate constants of recombination,
along with their temperature and pressure dependence, to calculate the decay
of electron concentration with known temperature-pressure relations for the
nozzle expansion process. So long as the combustion gases are in frozen
equilibrium, this would offer no great difficulty. The process for a shift-
ing equilibrium expansion would offer only the difficulty of calculating
shifting equilibrium nozzle flow., To make an accurate calculation of the gas
condition, the various reaction rates involved in approaching equilibrium
must be known,

When ionization in the chamber is thermal, e.g., due to sodium or po-
tassium impurities, the same problems are involved as in usual nozzle flow,
Again, the extent to which the reaction rates maintain equilibrium expansion
must be known to do an exact calculation. Such calculations are possible,
but are long and tedious. As an approximation to actual conditions, the
chamber gases may be considered to be frozen and to expand isentropically
through the nozzle. The degree of ionization can be assumed to maintain an
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equilibrium value until some point where the rates of recombination are too
slow to keep up with the change in temperature and pressure due to expansion,
and at this point, the electron mole fraction may be considered as frozen.
This point can be estimated by use of a parameter which is the ratio of a
characteristic flow time to a characteristic life time for the electrons.

A local characteristic flow time T.,  may be defined

dn .
e "1

- ra -t - (L.
Ttiow [dt(ln ne)] (ne dx

fl

where
u = local axial gas velocity
x = axial distance in nozzle
n_ = local electron concentration (electrons/bc)

e

Similarly, a useful characteristic lifetime for electrons is given by the
local half life for recombination

1
T -
recomb e n

e

There will be some point in the nozzle at which Tgiow = Trecombs Peyond which
the electron mole fraction is likely to remain nearly frozen. Since upstream
of this point the local electron concentration ng can be approximated by its

equilibrium value Ne eq’ the freeze will occur approximately where
9

a_n
Tfiow - T e,eq
T

3 ~1

recomb u a;(ln ne.eq)

The location of the freeze point can be determined more rigorously than this
however,17218519,20 and its position can alternately be correlated with a
rate parameter C, closely related to the left hand side of the above equa-
tion, but which Is usually known a priori; i.e.

cC = (EE) a n
T ch’ IyC e,C
where
Dt = nozzle throat diameter
c¥* = characteristic propellant velocity

and the electron half life (a, ng)~' is evaluated in the chamber. Thus, in
what follows, an approximate gut rather general method is outlined for pre-
dicting the electron concentration in the exhaust from conditions in .the
chamber.1? The treatment will be outlined for the case of themrmal ioniza-
tion in the chamber - it could just as well be done when chemi-ionization
dominates.

By considering isentropic flow through the nozzle and the maintenance
of equilibrium ionization at every point with_the combustion products acting
simply as a2 carrier gas, i.e, constant Yy = cp/Ev), the normalized (with
respect to the chamber) electron concentration decay curves in Fig. 19 can
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be drawn. The equilibrium constant enters into this calculation via the
lonization potential, Vi, which through Saha's equation is all that is re-
quired to determine the equilibrium constant variation with temperature and
pressure. The curves are thus presented for several values of the nondimen-
sional parameter Vi/(RTc), where R is the universal gas constant and T, the
chamber temperature. For the substances of interest the pertinent values
are given in Table I,

Contours of constant recombination parameter, Cys» have been superim-
posed on the graphs of electron concentration ratio vs pressure ratio, or
Mach number, for two different ion recombination mechanisms. These mech-
anisms enter only as the temperature and pressure dependence of the recom-
bination coefficient., For the Thompson three-body process this has been
taken as

a_oc 1°7/2 p!
r
and for the dissociative recombination process this has been taken as
a_ocT 3/2 PP
r

Note that this graph has been prepared for a specific heat ratio of
Y = 1.2 and a conical expansion section nozzle with a divergence half angle
of 150, and the radius of curvature at the throat equal to the throat dia-
meter. Fig. 20 has been prepared for Y = 1.3 but does not include chemical
kinetic information (;&g., freeze point locations).

In using the curves shown in Fig. 19 to determine the electron concen-
tration at the exit plane, i.e, at a given pc/b (Pc is the chamber pressure)from
the electron concentration in the roocket chamber, one proceeds along the
appropriate equilibrium curve to the value of Cy computed from the values
in the chamber. This gives the pressure ratio at which the electron concen-
tration is effectively frozen., Thereafter, the change in electron concen-
tration with further change in pressure ratio is obtained by drawing a line
parallel to the hypotenuse of the indicated triangle, The ratio of electron
concentration in the exhaust to that in the chamber is then read off at the
appropriate pressure ratio. The pressure ratio for a given nozzle area ratio
can be found from standard curves, e.g., Fig. 3-7 in Sutton.2' Needless to
say, this treatment is only applicable for one-dimensional isentropic expan-
sions - at the position in the nozzle where over expansion occurs, other
considerations must be brought to bear.

The above method also assumes that the transition region between equi-
librium and frozen flow is small enough to disregard, so that local ioniza-
tion equilibrium and frozen flow solutions can be abruptly patched together,
More exact solutions are possible, but do not differ greatly'?, so unless
the carrier gas taken into account the additional accuracy hardly seems worth-
while,

EXHAUST PLUME AND AFTERBURNING

The exhaust gases expand in a manner dependent upon the altitude (Fig.
21). At very high altitudes a large plume will be formed. For example, for
the Scout vehicle, which was discussed earlier, the exhaust diameter was es-
timated to be 80 feet at an altitude of 200,000 feet. At somewhat lower
altitudes the exhaust will be smaller, and shock phenomena will play a role.
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The expansion into a vacuum has been treated by Molmud,! while others have
been concerned about the mixing of the exhaust gases with the ambient atmos-
phere, ignition and afterburning.?*3 A group at Thiokol, Reaction Motors
Division,* are experimentally studying the mixing of hot combustible gases
with the ambient atmosphere and auto-ignition of these gases to produce the
equivalent of ignition of an afterburning flame. They are also studying the
effects of various additives in preventing afterburning.?

The overall problem of the exhaust plume and afterburning involves
the expansion of gases, formation of shocks, and mixing of the exhaust gases
with air followed by ignition.

When afterburning is absent, a knowledge of the fluid dynamics relat-
ing to the pressure-temperature history of any pocket of gas with the time
it leaves the rocket chamber, combined with a knowledge of the rates and
mechanisms of electron decay (i,e, attachment, recombination and ambipolar
diffusion) should lead to an estimate of the electron distribution in space,
With this information, it should be possible to calculate radar attenuation,
reflection and refraction,
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The more important phenomena of afterburning seems to dominate in the
case of solid propellants with fuel-rich exhausts. Here, we can anticipate
an understanding of the problem when we can find from fluid dynamics the
degree of mixing; the composition, temperature and pressure profiles in the
exhausts and the duration of these profiles for any set of conditions. This
information should be related to what we know about ignition phenomena in the
laboratory - ignition energies, ignition limits and auto-ignition.

In considering auto-ignition, which is expected to be the most impor-
tant process, the duration of a given composition-temperature-pressure con-
dition will be of great importance. Several major problems unfortunately
arise. For example, in the laboratory, vessel walls act as heat sinks and
free radical chain quenchers and even initiators, while in the exhaust no
walls exist., A detalled understanding of the laboratory situation should,
however, permmit the extrapolation to be made. Another major difference is
the composition of the exhaust gases which differs from the laboratory sys-
tem in complexity - we are now dealing with not only a complex mixture but
one which may contain atoms and radicals which will make ignition easier.
At high altitudes of the order of 300,000 or more feet where oxygen is dis-
sociated, the oxygen atoms present can accelerate the ignition process when
mixed with the combustion gases., It is then not surprising -that afterburn=-
ing is observed both at relatively low altitudes of say 20,000 feet, where
the combination of the partial pressure of oxygen molecules and diffusion
and mixing rates result in favorable ignition conditions, and at about
300,000 feet where oxygen atoms again make ignition a probable process.

Some work of Boynton and Neu® gives an insight into the problem and the
nature of afterburning temperatures involved. They assume the following ex-
haust composition (the fuel was CyoHa0)

Species Mole Fraction
Hp0 32.2
Cco 36.2
Ha 13.1
CO, 11.8
H 2.9
OH 2.9
0 0.44
02 0.43

+2 chamber pressure of 500 psi. The temperature of the exhaust and ambient
air are plotted in Fig., 22, A calculation of the exhaust jet temperature as
a function of altitude and air entreinment ratio is plotted in Fig. 23. The
air entraimment ratio, R, is the weight ratio of entrained air to exhaust
gases, In calculating these curves the jet enthalpy includes: enthalpy of
the exhaust gases, enthalpy of the air, and a temm containing the square of
the velocity difference between air and exhaust. They comment that this last
term is important both at low altitudes and very high altitudes. This may
account for as much as a 1,000°K temperature rise, e.g., With a velocity dif-
ference of 8,000 feet/sec_and an air entrainment ra¥io of 1.0 the velocity
term amounts to about 750 K.

The possibility and actual experience in preventing afterburning by
chemical additives has already been mentioned. There seems to be considerable
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hope in this approach, especially in view of the success of Lask-Wagner? in
reducing burning velocities with extremely small concentrations of additives.
They, for example, reduced the flame velocity of stoichiometric n-hexane-air
mixtures by 30% with the following additive concentrations

Additive Vol

N2 8
cCl, 1.38
Bl‘z 0.7
POC1 4 0.19
Fe(CO)4 0.072
Cr0,C1, 0.024

A review of the problem of ionization in afterburning in rocket exhausts
with recommendations for a research program is in its second year at Stanford
Research? for the Ballistic Systems Division of AFSC under general super-
vision of the Space Technology Laboratories.
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MICRO-MOTOR EVALUATION OF SPECIFIC IMPULSE

by
L. M. Brown & B. L. Cockrell

Rohm & Haas Company
Redstone Arsenal Research Division
Huntsville, Alabama

ABSTRACT

The evaluation of novel solid propellant systems by using only small
quantities of ingredients is of considerable interest to the solid propellant
industry. This paper reviews current work using small rocket motors
containing 50 grams or less of propellant for evaluation purposes.

A micro-motor evaluation system requiring 10 to 30 grams of
propellant per motor has been designed, fabricated, and evaluated by this
Division. This system for measuring specific impulse uses the best
evaluation techniques available and considers every phase of the design
and measurement problems.

The motor design, measurement techniques, and reproducibility are
discussed together with the results obtained with a number of high energy
aluminized composite double-base plastisol propellants which are compared
with larger motor firings. Methods for predicting large motor impulses
from micro-motor firings are outlined in detail.

These micro-motors have been used to evaluate the specific impulses
of a series of high energy NF-propellants of current interest to this Division.
Results of these evaluations are given together with predicted values for
larger motors. The latter are compared with results of firings of NF-
propellants in larger motors (100 grams).

The micro-motor hardware is being redesigned to allow remote
casting and firing of propellants of all viscosities.

The work presented shows that precise, reproducible, predictable,
usable data can be obtained with very small quantities of propellant; and
that ballistic characterization of the specific impulse of a novel propellant
can be carried out with less than two pounds of propellant.
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INTRODUCTION

Over the past several years there has been a general trend in
propellant research toward the use of smaller motors for ballistic
evaluation purposes. Many factors have contributed to this including (a) a
large number of new contractors in the field of propellant research, most
of whom which have an upper restriction on propellant quantity or
propellant size, (b) increasing toxicity and/or sensitivity of new formu-
lations, and (c) limited availability or excessive costs of novel propellant
ingredients. These factors make ballistic evaluation of propellants in
small motors either highly desirable or mandatory and have caused many
groups, both old and new to the field,to réevaluate their ideas concerning
motor size and ballistic measurements. The old clichés of "the larger
the motor the higher the impulse” and "no meaningful specific impulse
can be obtained from a test motor having less the x pounds of propellant"
are being replaced in some circles by "one ten gra—m motor will tell us
all we need to know." As is usually the case, neither extreme position is
right; and neither can be substantiated by unbiased experiments.

The purpose of this paper is to review briefly the current work being
done in the field of ballistic testing of very.small quantities of propellant
with added emphasis on work underway at Esso Research and to discuss
in detail the development and application of micro-motors currently in use
by Rohm & Haas Company.

Although many facilities are now using motors containing one pound or
less of propellant for ballistic evaluation, this review of current work is
limited to that using 50 grams or less per motor firing.

Most organizations who are using very small quantities of propellant
are using end burning charges for getting initial information on the
combustion properties of new formulations in order to answer questions
such as: Does it burn smoothly? Can we ignite it? What are its P-K and
P-r relationships? Currently using this technique are Elkton Division of
Thiokol (1)!, American Cyanimid (2), Dow Chemical Company (3),
Minnesota Mining and Manufacturing Company (4), and Esso Research

Company (5). Many others probably also use this approach, but have not
reported the results.

'Numbers in parenthesis refer to references at the end of the paper.
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Of the above facilities only 3M and Esso measure specific impulse from
these small end-burning motors. In addition, Dow Chemical has a small
ballistic pendulum which uses five grams of granulated propellant, but no
mention of this device is made in their recent reports. Aerojet General
Corp. (6, 7) is developing a 50-gram test motor having a star shaped grain
and which is fired on a small inertia wheel of the JPL type. United
Technology Corp. is reported to have a ten-gram motor with which heat
loss is measured by a calorimetric technique. No reference to this has
been found in the classified literature available.

Studies! at Esso Research & Engineering Company (5) as part of an
integrated ARPA program under Army Ordnance Contract DA-30-069-ORD-
2487 have led to the development of new small test motors designed for
maximum flexibility in handling experimental high energy formulations.
These motors utilize an end-burning charge 1.625 inch in diameter, and contain
from 10 to 50 grams of propellant. Successful firings have been made with
cartridge loaded grains and with grains formed direétly in the motor by
casting or by pressing. Uncured slurries were also fired successfully.
When specific impulse is measured in these motors and is corrected for
some known perturbations as well as the usual standard corrections,
combustion efficiencies of about 94% are normally obtained.

Although several different propellant types and compositions have been
evaluated in this motor, most of the motor evaluation used Rohm & Haas

plastisol Composition 137 containing 2% aluminum, Only this work
will be summarized here.

Recognizing that heat losses can be a major cause of efficiency loss in
small motors, Esso Research has designed their motor with phenolic-
asbestos insulation®. They have also designed a similar motor using an
internal burning cylindrical charge for which they have only limited data.
These designs are shown in Figure la and 1b respectively. Although
limited data show somewhat higher efficiencies for the internal burning
cylinder for one composition, no rounds of Composition 137 have been
fired in this configuration.

!The Esso work reported here is taken from a summary sent to the authors
by Mr. John Reed and is included at the request of the Papers Committee
of this meeting.

2uRocketon" ~ a product of the Haveg Corporation.
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The only motor fired repeatedly was the end burning motor with R&H
i37 formulation. In eleven firings of this formulation a standard deviation
of ¢ = 1.2% was obtained at an average corrected efficiency of 94.4% of
theoretical. Small corrections were made in reporting the measured specific
impulse to account for insulator loss, propellant weight loss, igniter, and
heat loss. The usual corrections to 1000 psi, optimum expansion and zero
degree half angle were applied. Table I shows the average corrections for
the eleven firings of Composition 137,

TABLE I

ESSO RESULTS

Average Firing Efficiency Corrections
for Eleven Rohm & Haas 137
End-Burning Motors ("Unimproved" Nozzles)

Insulator -1.0%

Propellant, Wt. Loss +0.3

Igniter -2.3 :
Heat Loss +1.6 .
0° Exit Angle +1.6

Net Correction -0.2%

The insulator loss correction of -1.0% is obtained from a total
insulator loss of 1.8% on the assumption that the lost insulation burns to
equilibrium with the propellant. The propellant weight loss correction is
obtained frorh the fact that vertical firings are made such that weight loss
results in lower measured thrust. The validity of the igniter impulse
correction was checked by observing that the corrected firing efficiency was
independent of the amount of igniter used between 0.5 g and 3.0 g although
the igniter loss correction itself varied from 1.5 to 4.1%. The heat loss
correction was made by subtracting the heat gain of the nozzle and motor
body, as determined from thermocouple measurements, from the propellant
enthalpy available in the combustion chamber. Finally,the correction to 0°
exit angle corresponds to a 13° half angle.

Although the above summary of the Esso work shows that specific
impulse measurements can be made with small end burning charges, certain.
critical comments about this technique are still in order. The principal
difficulty in intrepreting the Esso work comes from the correction
procedures for insulation losses and igniter weight. While the results using
these corrections may be reasonably precise, they may be very 